moss than it was in lichen samples. We propose that one of the most important factors influencing tardigrade densities is the cortex layer, which is a barrier for food sources, such as live photosynthetic algal cells in lichens. Finally, the new records of Tardigrada and the first and new records of lichens in Svalbard archipelago are presented.
Introduction
.
Various aspects of the diversity of lichen-dwelling micrometazoans have been discussed by different authors (e.g., Gerson and Seaward 1977; Bates et al. 2012; Šatkauskienė 2012; Hauck et al. 2014) . First, Gerson and Seaward (1977) presented a complex discussion of the associations between invertebrates and lichens. The authors underlined the poor knowledge of the interactions between these lichens and their accompanying biota (i.e., micrometazoans) and suggested avenues for future research. Recent papers concerning tardigrades in lichens include taxonomical, ecological or physiological aspects (e.g., Greven 1972; Morgan and Lampart 1986; Rebecchi et al. 2006; Guil et al. 2009 ). In the scientific browsers Web of Science and Scopus, only 67/81 papers use the keywords "Tardigrada" and "lichens," which is low in comparison to the keywords "Tardigrada" and "moss," with 121/143 papers (http://apps.webofknowledge.com/, https://www.scopus. com/ accessed on 21 July 2016). Although studies of Arctic tardigrades have taken place since the early the twentieth century (Scourfield 1897 ) and the first comprehensive monographs were published more than 3 decades ago (Marcus 1936; Ramazzotti and Maucci 1983) , lichens are less studied than mosses in terms of their tardigrade ecology. Most of the previous ecological studies have focused on the distribution of tardigrades within moss samples (e.g., Nelson 1975; Nelson and Adkins 2001; Jönsson 2003; Degma et al. 2011; Guil et al. 2009 ) and only Morgan and Lampard (1986) , Miller et al. (1988) , Bartels and Nelson (2007) and Guil et al. (2009) have presented studies on the relationship between lichens and tardigrades. Morgan and Lampard (1986) found seven species of tardigrade in four species of lichen. Miller et al. (1988) found four species of tardigrade in eight species of lichen. Bartels and Nelson (2007) found 35 tardigrade species in lichens and estimated the species richness of water bears, providing a maximum estimation of 37-45 tardigrade species in lichens. Lastly, Guil et al. (2009) described the species diversity and abundance of tardigrades in lichens collected from trees and rocks and found 17 tardigrade species.
Assemblages of invertebrates in the Arctic are usually more abundant in seabird colony areas because of the higher nutrient content (Zmudczyńska-Skarbek et al. 2015) . It is well known that seabirds in polar regions strongly influence the composition of the ground and in many ways enhance the abiotic characteristics of the soil (Myrcha and Tatur 1991; Simas et al. 2007 ). In the Arctic, this results in greater plant diversity in the areas of bird cliffs than in the places where birds are absent (Dubiel and Olech 1992; Węgrzyn et al. 2011) . As a consequence, such areas of greater plant diversity and biomass, mainly mosses, also provide a habitat for numerous invertebrate species (Zmudczyńska et al. 2012) , including Tardigrada (Zawierucha et al. 2016) .
Ecological analyses of the tardigrades from the Arctic tundra have been conducted by Dastych (1985) , Johansson et al. (2013) , Zawierucha et al. (2015a, b) and Zawierucha et al. (2016) , who surveyed the influence of altitude, type of bedrock, seabird guano and substratum on tardigrade distribution, abundance, and species diversity. In this article, we provide novel information about Arctic tardigrade densities, species diversity and distribution with respect to environmental variables in Svalbard lichen samples, thus increasing our knowledge about this poorly studied tardigrade habitat.
Materials and methods
In total, we analyzed 45 samples collected in the summer of 2011 from Hornsund, Spitsbergen (Zawierucha et al. 2016) , and in 2013 from Spitsbergen (Nissenfjella), Nordaustlandet, Prins Karls Forland, Danskøya, Fuglesongen, Phippsøya and Parrøya. Lichen samples were collected along a latitudinal gradient from the southern to the northern part of the Svalbard archipelago (Fig. 1) , and samples were collected from 14 to 72 m a.s.l. Twenty samples were collected from areas influenced by seabird colonies (areas enriched in guano) and 23 samples from areas not influenced by seabirds. For two samples the presence/absence of seabird enrichment is unknown because this information was not noted during sampling. For a list of the samples and their GPS coordinates, see Online Resource 1.
The materials were stored in small paper bags, which allowed them to dry slowly, and were then weighed within a precision of ±0.01 g.
Statistical analysis
The number of tardigrades found in each sample was extrapolated for 10 g of dry mass of the vegetation to calculate the total density. Pearson correlation coefficients were used to assess the relationship between the tardigrade species diversity (number of taxa) and their densities in the lichens (determined in this study). Incorporating previously published data (Zawierucha et al. 2015a) , we used the non-parametric Mann-Whitney test to test for the difference in the total density of water bears between lichens collected from areas enriched in nutrients (N = 33) and areas not enriched (N = 23) by seabird colonies. The Mann-Whitney test was also used to check for differences in Tardigrada abundance between moss (N = 56) and lichen samples (N = 56). Mann-Whitney tests were used because of the distinct deviations from normal distributions of the data; Shapiro-Wilk test, p < 0.05. For this comparison we combined previous data published by Zawierucha et al. (2015a) and Zawierucha et al. (2016) and randomly selected moss samples for comparison. Statistical analyses were performed with STATISTICA 10.0 (StatSoft, Inc., 2011).
Species identification

Tardigrada
All samples were treated following the standard methods for tardigrade examination (e.g., Dastych 1980; Ramazzotti and Maucci 1983; Stec et al. 2015) . Each sample was soaked in water for ca. 5 h. Water containing tardigrades and detritus particles was then decanted and examined under a stereomicroscope. All extracted specimens, exuviae and eggs were mounted on microscope slides in Hoyer's medium and were then examined with a phase contrast microscope (PCM) (Olympus BX41) associated with an ART-CAM 300 MI photo camera and QuickPhoto Camera 2.3 software. Species were identified with the keys of Ramazzotti and Maucci (1983) and later original descriptions, re-descriptions and keys of Dastych (1985 Dastych ( , 1988 , Binda (1988) , Fontoura and Pilato (2007) , Kaczmarek and Michalczyk (2009) and Michalczyk et al. (2012ab) . Nomenclature and new generic names follow Bertolani et al. (2014) and Vecchi et al. (2016) . All the microscope slides were deposited in the Department of Animal Taxonomy and Ecology at Adam Mickiewicz University in Poznań, Poland.
Lichens
Lichens were identified by traditional taxonomic methods and standard microscopy. Cladonia species were determined using thin-layer chromatography (TLC) in solvent C, following the technique of Orange et al. (2001) . Apothecial handmade sections were mounted in water, and their anatomical structures were measured in ethyl alcohol. Spot test reactions for apothecial pigments were examined in KOH and NaClO. For species determination, the following guides were used: Thomson (1984 Thomson ( , 1997 
Results
In total, 321 specimens of Tardigrada belonging to 23 taxa (with 17 determined to species level) were found in 26 samples (42% of all samples collected). Analyzed lichen material included 20 lichen taxa (Online Resource 1). Due to the lack of tardigrade eggs, some of the specimens were determined to the species group level (see Online Resource 2). The most frequent species in the samples were Hypsibius pallidus Thulin, 1911 (present in nine samples), Diphascon pingue pingue (Marcus, 1936) (present in four samples) and Adropion prorsirostre (Thulin, 1928 ) (present in four samples). The highest number of tardigrades calculated per 10 g of dry material was 720 specimens (for samples analyzed in this study), which were found in a mixed lichen sample of Cladonia arbuscula (Wallr.) Flot. and Cladonia rangiferina (L.) Weber ex F.H. Wigg. The highest tardigrade diversity was found in two samples, each with four Tardigrada species (see Online Resource 2). It is worth noting that lichens with the highest tardigrade densities have a characteristic cottony-tomentose thallus surface composed of loose hyphae, and thus they do not have a typical cortical layer (e.g., Cladonia arbuscula, C. mitis, C. rangiferina). The average number of tardigrades calculated per 10 g of dry material for samples was 66 individuals.
Twenty samples were collected from areas that were enriched in nutrients because of seabird colonies, with 13 of these samples containing tardigrades (ca. 65 %). In comparison, 23 samples were collected from areas that were not influenced by seabirds, with 11 of these samples containing tardigrades (ca. 47.8 %) (see Online Resource 2). For two samples, data on the influence of guano were not available. Including previously published data, tardigrades in lichens were not more abundant in the samples collected from areas that were enriched in nutrients because of seabird colonies than in the samples collected from non-enriched areas (Mann-Whitney, p = 0.13). Furthermore, regardless of the nutrient status of lichens, tardigrades were more abundant in moss samples (Mann-Whitney, p < 0.005) (Fig. 2) . The diversity of lichens species in single samples ranged from one to five species. Twelve of the 45 lichen samples consisted of more than one lichen species. Tardigrade densities and taxa diversity were not significantly related to the number of lichen species in a single sample (Pearson, p = 0.72, r = − 0.05 and p = 0.82, r = 0.04, respectively). Statistics (mean, minimum, maximum and standard error) of tardigrade density for combined lichen samples analyzed during this study as well as those of Zawierucha et al. (2015a) 
Discussion
Lichens are pioneers, but are also the most fragile and fastest disappearing organisms in the Arctic because they are affected by trampling and winter grazing by reindeer and face competition from vascular plants (Cornelissen et al. 2001; Storeheier et al. 2002; Węgrzyn et al. 2011 ). This study is an attempt to investigate factors such as habitat heterogeneity and nutrient enrichment of lichens by seabirds in terms of tardigrade density and species diversity in lichen thalli. Morgan and Lampard (1986) previously presented a study on the relationship between supralittoral lichens and tardigrades from Great Cumbrae Island in the Firth of Clyde, UK, and found seven species of tardigrades in four species of lichen along seashore. Unfortunately, the authors did not present their methods of calculation for the tardigrades in the samples; thus a comparison with the present study is not possible. Bartels and Nelson (2007) focused on species diversity estimators and predicted a lower number of tardigrade species in lichens than in mosses in Great Smoky National Park, USA. Guil et al. (2009) reported that Echiniscus species are more abundant in mosses and lichens collected from rocks than in leaf litter or in mosses and lichens collected from trees in the Sierra de Guadarrama, Central Spain. Moreover, Guil et al. (2009) noted significantly higher abundance and species richness in lichens collected from rocks because of the contribution of heterotardigrades (Guil et al. 2009 ). In our study the most frequent water bears were eutardigrades, and only three (not frequent) heterotardigrade species were found.
Despite the fact that lichens can constitute the only source of energy in cold desert areas, such as polar regions (Gerson and Seaward 1977) , previous studies on Arctic tardigrades either did not focus on species diversity and ecology in lichens or noted a low number of specimens in lichens (e.g., Zawierucha et al. 2016) . Studies conducted on the distribution and abundance of tardigrades in the Hornsund fjord (Spitsbergen) showed that one of the most significant factors influencing tardigrade abundance was vegetation type, with mosses having the most abundant individuals (Zawierucha et al. 2016) .
Faunistic data for Svalbard are available only from limited areas (Węglarska 1965; Kaczmarek et al. 2012) . Until now, extensive faunistic data on tardigrades in the Spitsbergen have only been published by Dastych (1985) and for the Svalbard archipelago by Zawierucha et al. (2013) , with the authors analyzing different kinds of habitat samples, but predominantly mosses. The most frequently recorded species in the samples collected from our study were H. pallidus (present in 9 out of 26 samples) and D. p. pingue and A. prorsirostre (both present in 4 out of 26 samples) (Online Resource 2). Bartels and Nelson (2007) found 35 taxa of tardigrades in lichens collected from Great Smoky National Park. In contrast, only five of the same species were recorded in our study: Adropion s. scoticum (Murray, 1905) , Diphascon p. pingue (Marcus, 1936) , Hypsibius dujardini (Doyère, 1840), Platicrista angustata (Murray, 1905) and Mesobiotus harmsworthi harmsworthi (Murray, 1907) . Guil et al. (2009) found 17 and 14 species in lichens collected from rocks and trees, respectively. Echiniscus bisetosus, E. canadensis, E. m. merokensis and R. oberhaeuseri were highly abundant in lichen samples from Spain (Guil et al. 2009 ). Only one species, E. m. merokensis, was recorded in both Svalbard and Spain. Tardigrade species composition in different biogeographical zones may be influenced by kind of substratum, general climatic conditions (e.g., humidity and temperature) or topographic features.
In the Arctic, seabirds are the link between marine and terrestrial ecosystems. They feed in the sea and nest on the land where they produce guano, which results in greater plant diversity in the areas surrounding bird colonies (Isaksen and Gavrilo 2000; Stempniewicz et al. 2007 ). Jennings (1976a, b) showed that in samples collected around vertebrate guano deposits from seabirds and seals, tardigrade densities are higher than in areas not affected by these nutrients in the Antarctic. However, Porazinska et al. (2002) and Smykla et al. (2012) showed that plant diversity and thus tardigrade abundance are decreased on flat regions of the Antarctic because of the high-salinity guano and trampling by penguins. Conversely, in the Arctic, seabird guano positively affected the biomass of mosses in which tardigrade abundance is higher than it is in lichens (Zawierucha et al. 2016) . The positive influence of the Arctic seabirds on invertebrate densities and biomass has also been confirmed for other invertebrate groups (e.g., Zmudczyńska et al. 2012 Zmudczyńska et al. , 2015 . However, to the best of our knowledge comparative tardigrade abundance in lichens with and without guano has never been studied previously. Here we show that the effect of seabird nutrients on tardigrade abundance in lichens was not significant and tardigrades were more abundant in mosses than in lichens.
The 12 collected samples consisted of more than 1 lichen species per sample (with up to 5 species per sample). In previous ecological studies, the diversity of invertebrates increased with the heterogeneity of the environment on various scales, e.g., forest age classes and complex and simple forms of plants (Niemelä et al. 1996; Benton et al. 2003; Taniguchi et al. 2003) . But here, the tardigrade species diversity and abundance were not correlated to the number of lichen species in a single sample. It is possible that the biodiversity of tardigrades is affected by the availability of food sources, such as live photosynthetic algal cells in lichens. Water bears may feed on living, photosynthesizing eukaryotic cells (e.g., Altiero and Rebecchi 2001; Guidetti et al. 2012 ). Therefore, it is possible that the greater number of water bears noted in bryophytes than in lichens may be associated with easier access to photosynthetic cells in mosses. Alternatively, it may be related to the shape of the lichen (e.g., foliose, fruticose or crustose) and exposure to sunlight.
Conclusion
The results of this study underline the difficulties of surveying habitat associations of tardigrade species with single species of lichens in the Arctic. The 12 collected samples consisted of more than 1 lichen species per sample (with up to 5 species per sample). Contrary to expectation, the tardigrade taxa diversity and densities did not increase with the number of lichen species in a single sample. Additionally, we show that the nutrients from seabird colonies did not influence tardigrade densities in lichens; generally, tardigrades were more abundant in mosses than in lichens. In our study, we have presented higher numbers of tardigrades associated with some of the lichens, mainly Cladonia arbuscula, C. mitis and C. rangiferina (see Online Resource 1). These lichens, in addition to S. alpinum, do not have a thick surface layer and thus potentially provide the tardigrades with easier access to the photobiont layer and algal cells of the lichen. Usually, the most abundant tardigrades within samples are herbivores, with buccal tube morphology as discussed by Guidetti et al. (2012) and Guil and Sanchez-Moreno (2013) . Thus, the availability of algal cells could influence tardigrade abundance in lichens. Nevertheless, factors such as pH, AMP (anti-microbial proteins) and the presence of other invertebrates (predators) in the sample should also be considered in future studies of the High Arctic lichen tardigrade assemblages.
